It is a well known fact that one function of sweating is the maintenance of a constant body temperature in an environment where the loss of heat by radiation and convection is insufficient for the purpose. It has been shown (Winslow, Herrington and Gagge, 1936) that for environments where the operative temperature1 lies above 31"C., the increase in heat loss by evaporation for nude subjects equals exactly the decrease in loss by radiation plus convection, as one moves toward higher operative temperatures. That there are experimental methods of determining the limits of efficiency of this process has been demonstrated (Gagge, 1936) . It is the purpose of the present analysis to describe and discuss the physical processes involved in body temperature regulation by sensible perspiration and to demonstrate the fundamental interrelations involved between this perspiration and metabolism, storage, evaporation, skin temperature, dry bulb temperature, and relative humidity.
It is a well known fact that one function of sweating is the maintenance of a constant body temperature in an environment where the loss of heat by radiation and convection is insufficient for the purpose. It has been shown (Winslow, Herrington and Gagge, 1936) that for environments where the operative temperature1 lies above 31"C., the increase in heat loss by evaporation for nude subjects equals exactly the decrease in loss by radiation plus convection, as one moves toward higher operative temperatures. That there are experimental methods of determining the limits of efficiency of this process has been demonstrated (Gagge, 1936) . It is the purpose of the present analysis to describe and discuss the physical processes involved in body temperature regulation by sensible perspiration and to demonstrate the fundamental interrelations involved between this perspiration and metabolism, storage, evaporation, skin temperature, dry bulb temperature, and relative humidity.
The rate of evaporation from the surface of a liquid is proportional t'o the difference between the vapor pressure in the liquid and the vapor pressure of the surrounding air. If we let e' represent the vapor pressure in the liquid and e the vapor pressure of the air, then the rate of evaporation, t, per unit area from the liquid surface will be E = p(e' -4,
where p is the constant of proportionality. Actually p is a function of the air movement and of its direction of application in relation to the liquid surface. For purposes of the present analysis let us consider these factors as fixed and constant in magnitude. Equation (1) may be easily applied to the human body as e' is the saturation pressure at skin temperature, which we will write as the symbol E(TJ, and e is the vapor pressure of the ambient air, which is, of course, the product of the relative humidity, & (as a fraction), and the saturation vapor pressure at dry bulb tem-perature, t( TA). Thus, for the case of evaporation from skin, we may write (1) ( = &(TB) -rh x c(TJ,
where the constants are so chosen that 4 is in kilogram-calories per hour per square meter per centimeter of Hg pressure. It must be noted here that t represents the evaporation from a unit area of a surface completely covered by liquid at skin temperature. If E/A or E' is the total evaporation per unit area from the human body surface, the ratio of E'/( or w will represent the fraction of this unit body surface covered by liquid perspiration. Thus, w is a measure of the degree of wettedness involved in the process of evaporation represented by E and may be expressed as a percentage.
Combining the above equations, we have the general relation
As we saw above, w represents that fraction of the body surface whichif completely wetted-would produce the observed effect. The term, p, constant only for a given air movement and direction of air movement, represents the coefficient of heat transmission by evaporation in kilogramcalories per square meter per hour per centimeter of Hg of vapor pressure difference. Its actual magnitude is not necessarily known. However, the product (wp) represents a fundamental property of the skin surface and is a direct measure of the extent of the liquid surface available for evaporation.
In the process of evaporation by the human body, when placed in an environment of varying air temperature and humidity, there is a maximum value for the product (wp) where further excretion of sweat is no longer efficient. Beyond this point the sweat runs off and evaporation takes place at points other than on the surface of the body. On the other hand, there is also a minimum value for (wp). This minimum value describes the cases where only insensible perspiration exists and measures the permeability of the skin to moisture from the inner body regions. With fixed conditions of air movement the maximum value of (wp) describes the skin surface at its maximum degree of perspiration coverage. The minimum value describes the normal dampness of the skin. The purpose of the analysis that is to follow is to evaluate (wp) at both extremes of its range of variability and fix these values as definite biological constants. Finally, a correction for air movement will be introduced.
Maximal values for (wp>. In a previous publication (Gagge, 1936) , it has been shown that the direct measure of evaporation fails when perspiration is secreted in such large amounts that evaporation takes place from other surfaces than the body surface.
In figure lb of that paper, deviations from linearity were noted at the extremes of both the hot region and the cold region, when the algebraic sum of measured metabolism, measured storage (from rectal temperature changes) and measured evaporation were plotted against radiation intensity.
For those points toward the colder regions the deviation was ascribed to an error in the value of storage as derived from the changes in rectal temperature.
Toward the warmer conditions the deviation was shown to be an error in the measurement of total evaporation.
The actual deviation from linearity is a direct measure of this error, since for this region storage was probably correct as measured by changes in rectal temperature.
The actual effective degree of wettedness may be calculated using the true total evaporation for E in equation (3).
The true value for E may be computed from the fundamental partition
where M is the metabolism, S the storage, as measured by changes in rectal temperature, R the tot,al radiation exchange, and C the total con- Even when t*he evaporation determined by weight loss is larger than the evaporation loss effective in body-cooling, it is nevertheless true that the actual degree of wettedness does not vary.
The quantity of moisture on the skin surface may very well increase under such conditions, but the surface of moisture exposed to the environment remains the same. It is obvious that no value of w can ever be greater than unity, or 100 per cent, i.e., each unit area of skin surface cannot expose a liquid surface greater than its own actual area. The maximum value of the physical variable (wp) may therefore be calculated accurately from those points on the linearity curve where deviations take place, provided the true evaporation is used instead of that actually measured by weight loss.
In table 1 are presented calculations and partitions of the actual experiments which lie above the linear region toward the warmer ends of the curves in figure lb of the earlier paper (Gagge, 1936) . There are four experiments for subject I and five for subject II.
These partitions are carried out by using the direct measurements of metabolism, storage, radiation, and convection.
The true evaporation is found by difference and is compared with the observed evaporation.
The column headed by (wp) has been calculated from equation (6) above. For subject I the mean value of this constant is 29.5 kilogram-calories per square meter per hour per centimeter of Hg pressure.
For subject II its mean value is 32.0. If we exclude experiment 109-A which had an extremely high value, the mean for this subject is 30.3. Although the degree of variability of this constant for subject II is greater than for subject I, it is significant that between these two subjects of quite dissimilar characteristics,2 the calculated value for (wP), excluding experiment 109-A, is essentially constant with a mean value of 29.9 kilogram-calories per square meter per hour per centimeter of Hg pressure difference. This constant, however, is sig- evaporation, we find for the mean value of (WP) for subject I, 28.1 kilogramcalories per square meter per hour per centimeter of Hg pressure; for subject II, 28.7. The mean value for both subjects is 28.5 kilogramcalories per square meter per hour per centimeter of Hg pressure. This value represents the maximum possible degree of wettedness of the skin surface alone. In summing up, we note that the value of (wp) regardless of individual interpreta.tion of the factors w and p themselves cannot rise above 29.9 for the total moist surfaces of the body or above 28.5 for the skin surfaces alone. This value applies only for the turbulent air movement of 17 feet per minute, or 8.65 cm. per second.
In a later paragraph it will be shown how this value may be altered at other rates of air movement.
Minimal values for (wp>. In a previous publication (Winslow, Herrington and Gagge, 1937), we described 35 groups of experiments for subjects I and II extending over a considerable range of air and wall temperatures and a range of operative temperatures from 17OC. to 41OC. It was shown that, above and below the critical temperature of 31"C., the body acted in two distinct ways.
Above, the regulation of body temperat ure was accomplished by evaporation print ipally; below, the balance was maintai ned by storage. Above 31"C., the total evaporation from the body was found to be linear with the operative temperature; below 31°C. the evaporation was insensible and showed a slight decrease toward the lower values of T In table 2 are presented the values of (wp) for the 35 groups for both subject I and subject II.
The value of (wp) is calculated by equation (6) for the total evaporation as well as for the skin surface by itself.
The values for (wp) for the skin surface only have been plotted against To in figure 1. The points for subject I are in closed circles, while those for subject II are in open circles.
Above 31"C., there is a continual, although slightly irregular, rise in (wp) toward its theoret,ical maximum value at 28.5. Below 31OC. it will be noted that (wp) is relatively con-stant.
There seems to be a very definite minimum below which, with one possible exception, the values do not fall. This value for (wp) is approximately 2.9. In this zone of T, below 31"C., we have the mean values for (wp) shown in table 3 for the zone of insensible perspiration.
Therefore, in the region below 31OC. the average minimal value of the degree of moisture as indicated by (wp) for the whole body is 5.96, while the value for the skin alone is 4.05. It is of interest to note that the degree of moisture contributed by the respiratory passages is roughly 1.91 in terms of bw>* Of special interest is the fact that in the zone of insensible perspiration (below 31°C.) the degree of moisture (wp) of the skin surface alone, as well as that of the total body, remains essentially constant and the decrease in total evaporation noted in our earlier papers is due to changes in the evaporating power of the environment only, not to changes in the physiological properties of the skin itself.
Computation of values of (wp) for the case of still air. It has been shown by Coffey and Horne, and by Carrier (American Society of Heating and Ventilating Engineers, 1936) that for a transverse flow of air across a vertical tubular moisture surface the total heat transmitted by evaporation is proportional to (1 + v/121) where v, the air velocity is given in centimeters per second, and that for a parallel flow of air on a horizontal surface the heat transmitted by evaporation is proportional to (1 + v/117). For our case of turbulent air motion, where the air movement may satisfy either one or both these situations, let us assume the heat lost by evaporation is (1 + v/119), which is quite reasonable in view of the widely different situat,ions in which the values of 117 and 121 were determined. Hence, if ~0 is the value of the evaporational constant for still air, then equation (1) becomes 4: = PO0 + v/w (e' -4,
whence our calculated value for (we) becomes In table 4 are presented the extrapolated values of (wp) for still air. These values represent fundamental physiological constants for the human body.
It might be mentioned at this point that, for purposes of analysis only may one use (8) to calculate values of the physiological constant (wp) for higher air movements.
There has been no evidence presented so far to indicate that the maximum and minimum values of (wp) are functions of the air movement alone. There is a reasonable possibility that physiological complications may enter. It might be mentioned, too, that an extrapolation by use of (8) would apply only for the case of turbulent air motion.
The practical application of (wp).
In table 4 the still-air value for (wp) at its maximum was found to be 26.6 for the skin surface itself.
We pointed out in the opening paragraphs that in general w is a fraction (or a percentage) which varies between zero and unity (O-100 per cent) and, if p were known accurately, it would represent the fraction of skin surface that is actually wet.
However, the maximum value of w occurs at the same time that (wp) is at its maximum value. If, at this particular condition, we assumed the total skin surface to be 100 per cent wet, one would derive a value of 26.6 for II. It is important to note that ,U cannot have a value in any of our experiments less than 26.6. If the maximum value of w were 80 per cent, then p would equal 33.2; or if 60 per cent, 44.4; and so on. In the experiments mentioned above by Coffey and Horne, and Carrier, for the case of a parallel flow and a horizontal surface, a value of 51.0 was found for p. For the case of a transverse flow and a vertical surface, p was 106. However, the experiments cited were designed neither for the particular case of turbulent air flow nor for an irregular shaped contour such as that of a human body.
It is impossible at the present stage of our work to assign a definite value to p and thus convert w t'o an actual fraction of the body area. However, as will be shown later, this restriction does not handicap us in the application of the formula for (wp) above to various physiological problems.
In actual application to experiments the physiological variable (wp) :M it stands, has no explicit rneaning in the absence of a definite value for p. However, as pointed out above, we know that w is at its maximum when the product (wp) has reached its maximum limit.
If we intcrpreted w as the fraction of the total possible wetted area of the body; then fnr the maximum case w would be 100 per cent. w would now be described as the percentage of (maximum) wettedness of the skin surface. For the points in figure 1 the whole range of (wp) from 0 to 28.5 may be divided into 100 parts. The percentage for the points in that curve are indicated by the right hand axis of the chart. We see the maximum wettednese falls at about 100 per cent and extends down to the minimum value of approximately 10 per cent. DISCUSSION. A word might be said about the place of the present method for the measurement of the extent of sweat secretion in relation to others currently used in the study of sweat gland activity.
The actual observation of sweat secretion and its intimate processes is often done microscopically by the Jiirgensen oil drop method (1924) .
The area of secretion, the number of secreted droplets and their approximate size may be observed in the field of vision of the microscope, and a measure derived which gives the sweat volume per unit area of field. By such sampling processes these measurements could be used to estimate w, the fractional area of wettedness of the body surface. In such a laborious experiment the perturbing effect of the source of illumination and the method of observation may complicate considerably the gross phenomena under observation. The (wp) method for the measurement of the extent of sweat secretion, as a macroscopic procedure, is relatively simpler, and probably yields a more reliable measure of the secretory function, insofar as we consider it, in direct relation to the general mechanisms by which thermal homeostasis is maintained. The Jiirgensen method, on the other hand, has no good substitute in situations where attention is centered on local activity and its relation to changes within the body system, rather than in the body-environment complex. A second method of measuring sweat secretion may be derived from observation of changes in its saline content. Evaporation of water from a surface secretion of a given initial concentration in which the secretion is continuous should result in a gradual increase in the concentration of the evaporating fluid. The particular virtue of the "saline" method lies in the provision of a chemical approach to the physiological origin of the secretion itself. Variable factors in the process and technical difficulties inherent in the sampling method do not recommend this procedure as a measure of the amount or extent of secretion, although the increase in concentration may be a measure of the total evaporation from the body surface. This may be directly measured, however, by the time rate of weight loss.
In the present method no correction has been made for the effect on vapor pressure related to the saline content of the secreted sweat. In general, observers agree that, sweat is hypotonic in relation to blood. The vapor pressure of blood at body temperature differs by approximately two millimeters of Hg from the vapor pressure of water at the same temperature.
An effect related to a vapor pressure change of this order is believed analysis.
to be quantitatively unimportant for the present stage of the SUMMARY A new physiological variable (wp) is defined, which describes the extent of moisture surface present on the skin surface of the body.
For a turbulent air motion of 8.65 cm. per second, the maximum value of (wp) for the body skin surface is found to be 28.5 kilogram-calories per square meter per centimeter of Hg vapor pressure; its minimum value, 2.9. For operative temperatures below 31"C., (wp) remains relatively constant at about a minimal value of 3.81. These values represent definite physiological constants, regardless of the interpretation and magnitudes applied to w and p, individually.
A useful interpretation of w and 1-1 is one such that w is unity, when the extent of moisture surface is at its greatest, and when p assumes the value of 28.5.
